thelial permeability to ions and larger molecules in the gut is essential for fluid balance, and its dysregulation contributes to intestinal pathology. We investigated the effect of digestive serine proteases on epithelial paracellular permeability. Trypsin, chymotrypsin, and elastase elicited sustained increases in transepithelial resistance (RTE) in polarized monolayers of three intestinal epithelial cell lines. This effect was reflected by decreases in paracellular conductances of Na ϩ and Cl Ϫ and a concomitant decrease in permeability to 3,000 molecular weight dextran. The enzyme activities of the proteases were required, yet activators of known protease-activated receptors (PARs) did not reproduce the effect of these proteases on RTE. PKC isoformspecific inhibitor significantly reduced the trypsin-induced increase in RTE whereas PKC activity was increased in cells treated with trypsin and chymotrypsin compared with control cells; this activity was reduced to control levels in the presence of PKC-specific inhibitor. Ca 2ϩ chelators and pharmacological inhibitors of cell signaling support the role for PKC in the protease-induced effect. Finally, we showed that treatment with the serine proteases increased occludin immunostaining and zonula occludin-1 coimmunoprecipitation with occludin in the detergent-insoluble fraction of cell lysates, and these increases were ablated by pretreatment with PKC-specific inhibitor. This finding indicates increased insertion of occludin into the cell junctional complex. These data demonstrate a role for serine proteases in the facilitation of epithelial barrier function through a mechanism that is independent of PARs and is mediated by activation of PKC.
and Cl Ϫ and a concomitant decrease in permeability to 3,000 molecular weight dextran. The enzyme activities of the proteases were required, yet activators of known protease-activated receptors (PARs) did not reproduce the effect of these proteases on RTE. PKC isoformspecific inhibitor significantly reduced the trypsin-induced increase in RTE whereas PKC activity was increased in cells treated with trypsin and chymotrypsin compared with control cells; this activity was reduced to control levels in the presence of PKC-specific inhibitor. Ca 2ϩ chelators and pharmacological inhibitors of cell signaling support the role for PKC in the protease-induced effect. Finally, we showed that treatment with the serine proteases increased occludin immunostaining and zonula occludin-1 coimmunoprecipitation with occludin in the detergent-insoluble fraction of cell lysates, and these increases were ablated by pretreatment with PKC-specific inhibitor. This finding indicates increased insertion of occludin into the cell junctional complex. These data demonstrate a role for serine proteases in the facilitation of epithelial barrier function through a mechanism that is independent of PARs and is mediated by activation of PKC. epithelium; tight junction; occludin; resistance SERINE PROTEASES ARE WELL KNOWN for their degradative function in digestive processes and during inflammation. More recently, serine proteases have been shown to initiate cell signaling by the novel mechanism of cleaving specific protease-activated receptors (PARs) on the extracellular surface of cells. PAR 1 , the first described member of this receptor family, is responsible for the coagulation process in platelets by thrombin (56) . Three additional PARs have been described (PAR 2 , 3 , and 4 ) with roles in inflammation, nociception, cell cycle control and proliferation, and epithelial ion secretion (31, 33, 41, 55) . There is now growing evidence supporting non-PAR-mediated effects of serine proteases that have extensive influence on physiological processes. Trypsin is capable of activating insulin and growth factor receptors (48) , and plasmin initiates signaling through annexin 2A on monocytes to promote cytokine production and chemotaxis (26) . Na ϩ channel activity in water-absorbing epithelial cells is augmented by trypsin, prostasin (or CAP, channel activating protease) and neutrophil elastase (5, 6, 8, 39, 52) indicating a potential role for the proteases in fluid balance of the lung, gut, and kidney. Even more intriguing has been the characterization of several serine proteases that are expressed by epithelial cells in tissue throughout the body (23, 36) . These proteases are inserted into the mucosal membranes of the epithelial cells with their catalytic domains located extracellularly, enabling cleavage of PARs and other membrane-bound proteins (27) (28) (29) .
Epithelia maintain fluid homeostasis by regulating ion transport and providing a barrier to the movement of ions and larger molecules such as proteins and carbohydrates. The vectorial transport of Cl Ϫ or Na ϩ across epithelia drives the movement of water in either a secretory or an absorptive direction. Ions are actively transported across the epithelial cells through the polarized arrangement of ion channels and transporters in the apical and basolateral membranes and move passively through the paracellular pathway along electrochemical gradients. The permeability to ions at the paracellular pathway appears to be regulated at the level of the tight junctions, which are located at the apical margins of the cell-cell junctions. Tight junctions are formed by various combinations of the transmembrane proteins occludin and the claudins, with numerous linked cytosolic proteins, such as the zonulae occludens (ZO), performing regulatory roles in the permeability function of tight junctions (53, 54) . The physiological importance of tight junction ion conductance has been elucidated by pathologies that arise from mutations in proteins comprising the tight junctional complex. Mutations in the gene encoding claudin-16 are associated with a failure to reabsorb Mg 2ϩ in the thick ascending limb of the kidney, leading to hypercalciuric hypomagnesemia in patients with these mutations (49) . Mouse gene knockout models demonstrate that deletion of certain claudins can lead to high epidermal permeability to water (18) and to deafness attributable to ionic imbalances of the inner ear (4, 25, 42) . Expression changes for several claudins are associated with epithelial barrier dysfunction in patients with inflammatory bowel disease (40, 59) .
In addition to defects in ion permeabilities, more research has focused on intestinal permeability to larger molecules, since this increased permeability is demonstrated in patients with inflammatory bowel diseases (38, 58) and during pathological bacterial infections (60) , contributing to their pathologies (12, 13) . It is important to note that the permeabilities to ions and to larger molecules can be distinctly and conversely regulated, so that an increase in large molecule permeability (measured by flux experiments) can accompany an decrease in ion permeability, as measured by an increase in transepithelial electrical (ionic) resistance (2, 20) . This dichotomy could be effected by insertion into the junction of proteins displaying charges that oppose the passage of ions but have no impediment on the passage of uncharged particles.
It was recently shown that the serine proteases trypsin and neutrophil elastase increase the electrical resistance across human lung epithelial cell monolayers in a manner independent of the transcellular pathways (52) . This was demonstrated with apical application of the proteases in these lung cells; however, trypsin has also been shown to increase R TE across canine kidney epithelial cells, only from the basolateral aspect (30) . The mechanism by which serine proteases confer an increase in transepithelial electrical resistance (R TE ) has not been investigated. Intestinal epithelial cells are regularly exposed to the serine proteases trypsin, elastase, and chymotrypsin, which are released by the pancreas postprandially. In this investigation, we confirm that apical exposure of three digestive serine proteases increase R TE in several intestinal epithelial cell lines. We hypothesized that the serine proteases increase electrical resistance by decreasing the paracellular permeability to ions, and we tested this in intestinal cell lines with the use of ion gradients in the Ussing chamber model. To determine whether trypsin modifies epithelial permeability to molecules larger than ions, we assessed the permeability of intestinal epithelial cell monolayers to a 3,000 molecular weight (MW) dextran following trypsin treatment.
The atypical isoforms of protein kinase C (PKC) are components of the tight junction plaque of proteins, and their activity is implicated in cell polarization and junction formation during embryogenesis, epithelial wound healing, and epithelial barrier restoration, and in the tight junction reassembly produced experimentally by the calcium switch assay (3, 19, 22, 45, 51) . We determined a role for PKC in our effect by measuring its activity following the serine protease-induced increase in R TE . To pursue a mechanism by which serine proteases could decrease epithelial permeability, we assessed the distribution of cell junction proteins between detergentsoluble and insoluble fractions, since certain cell junction proteins shift from submembranous pools into junctional engagement with a corresponding increase in R TE (1, 34, 35, 44, 46, 47) . Our data demonstrate that apical serine proteases change the localization of occludin and its association with ZO-1 by mechanisms dependent on PKC, resulting in increased epithelial resistance to paracellular transport of Na ϩ , Cl Ϫ , and dextran.
METHODS
Cell culture and bath solutions. The intestinal epithelial cell lines SCBN, Caco-2, and T84 and the kidney epithelial cell line MDCK (Madin-Darby) were cultured on 1.12-cm 2 , 0.4-m pore size, permeable polycarbonate supports (Snapwell, Corning, Corning, NY) for all electrophysiological and dextran permeability experiments, and on 4.67-cm 2 polycarbonate (Transwell, Corning) supports for all other experiments. Cells were seeded at a density of 6 ϫ 10 5 cells/ml and cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 5% fetal bovine serum (FBS) and penicillin-streptomycin (100 g/ml; 1 nM) (HyClone, Logan, UT) and incubated in humidified 37°C room air with 5% CO 2 until they had been confluent for Ն2 days. T84s were cultured in 1:1 DMEM:F12 media supplemented with 10% FBS and 1 mM sodium pyruvate.
All experiments were performed in either Ringer or Krebs physiological buffer solutions (pH 7.4) consisting of (in mM) 120 NaCl, 25 Dextran permeability experiments. Caco-2 cells were cultured as described above with the exception that the medium used was DMEM/F:12 (HyClone). Cells were grown to confluence on the permeable supports and then treated with trypsin (1 M) or control (Ringer) solution at 37°C for 10 min. Cell monolayers were then rinsed briefly with Ringer solution and 400 l of a 100 M fluorescein-labeled dextran (3,000 MW; Molecular Probes) solution was instilled onto the apical compartment, with 2 ml of fresh Ringer solution in the basolateral compartment. Cell monolayers were incubated for 1.5 h at 37°C on an orbital shaker in the dark. Basolateral solution samples were retained, along with a sample of the original 100 M fluorescein-dextran (incubated in similar conditions), and analyzed on a fluorescence plate reader (SpectraMax Gemini, Molecular Devices, Sunnyvale, CA) with an excitation wavelength of 496 nm, emission at 524 nm, and a cutoff of 515 nm. Data are presented as a percentage of fluorescent dextran present in the basolateral solution over that in the original solution per filter surface area (cm 2 )
per unit of time (h), adjusted for volume differences between the compartments. Kinase activity assay. The kinase activity assay was performed as previously described (37) with modifications specific for PKC. SCBN cells were grown on 24-mm polycarbonate permeable supports (Transwell, Corning) for 5-6 days, similar in method to all other experiments in our investigation. The polarized cell monolayers were rinsed with Ringer solution and then treated on the apical surface with trypsin (1 M), chymotrypsin [10 biological activity units (BAU)/ml], or (control) Ringer solution for 10 min at 37°C. After rinsing, the Transwell membranes were excised with a scalpel blade and placed in ice-cold lysis buffer containing (in mM) 150 NaCl, 25 Tris, 25 NaF, 1 Na 3VO4, 4 EDTA, 1% NP-40, 0.001 okadaic acid, and 1% protease inhibitor cocktail. Samples were kept on ice, with occasional vortexing to remove the cells from the membrane, for 30 min. Cell lysates were then centrifuged at 9,000 g for 9 min at 4°C, and the supernatant was retained for analysis. Sample volumes were adjusted to contain 1 mg protein, and 2 g PKC antibody (C-20; Santa Cruz Biotechnology) was added to each sample; samples were placed on a rotator for 1 h at 4°C. Each sample then received 50 l protein A/G agarose beads (Santa Cruz Biotechnology) and returned to the rotator for 1 h at 4°C. The agarose beads (with immunoprecipitates) were washed five times with ice-cold lysis buffer and then subjected to the kinase activity assay. The immunoprecipitates were resuspended in a buffer containing 50 mM Tris ⅐ HCl, 50 mM MgCl 2, 10 mM MnCl2, 50 M Na3VO4, 277 mM p-nitrophenylphosphate, 50 M ATP and 0.1 g/l substrate peptide (Crebtide; Stressgen Bioreagents, Ann Arbor, MI). Samples were incubated at 30°C, and the reaction was started with the addition of 10 Ci [ 32 P]ATP and terminated after 30 min with the addition of 50% vol/vol acetic acid. For certain samples, the buffer contained 50 M PKC pseudosubstrate inhibitor. Phosphorylated peptides were recovered by spotting 65 l of the reaction mixture onto phosphocellulose 81 paper, which was then rinsed three times with 0.5% vol/vol H3PO4 followed by an acetone rinse. The radioactivity of the adherent peptides on the air-dried paper was measured by liquid scintillation counting. Activity counts determined in samples not containing the substrate peptide were subtracted from those in the test samples, to subtract nonspecific kinase activity.
Immunoblotting and immunoprecipitation assays. The SCBN epithelial cells were grown for 6 -7 days on 4.67-cm 2 permeable supports. Cell monolayers were rinsed with Ringer solution and then treated in the apical compartment with trypsin (1 M), chymotrypsin (10 BAU/ml), control Ringer solution, and trypsin with a 15-min pretreatment with the PKC-specific pseudosubstrate inhibitor for 10 min at 37°C. Controls for the PKC inhibitor were 15 min of Ringer solution. After a rinsing in 37°C Ringer solution, the polycarbonate filter membranes to which the cells were adhered were excised and placed in ice-cold lysis buffer containing (in mM) 150 NaCl, 25 Tris, 25 NaF, 1 Na 3VO4, 4 EDTA, 1% NP-40, 0.001 okadaic acid, 0.001 fostriecin (Calbiochem, San Diego, CA), 10 chymostatin, 55 U/ml SBTI, and 2% protease inhibitor cocktail, at a ratio of 1 ml of lysis buffer per filter membrane. Samples were kept on ice, with occasional vortexing to remove the cells from the membrane, for 30 min. The cell lysate was then centrifuged at 10,000 g for 10 min at 3°C. The supernatant was retained as the detergent-soluble fraction; the pellet was resuspended in the same lysis buffer and submitted to two separate 5-s, 0.004-W sonication cycles to dissipate the pellet and retained as the detergent-insoluble fraction.
Immunoblotting of occludin was performed in the detergent-insoluble fraction. Samples were added to Laemmli buffer and set in boiling water (98.5°C) for 10 min. From these samples, 50 g of protein was loaded onto 4 -12% bis-tris polyacrylamide SDS gels (Bio-Rad Laboratories, Hercules, CA) and electrophoresed. Proteins were transferred onto nitrocellulose or polyvinylidene difluoride membranes and incubated overnight at 4°C with anti-occludin antibody raised in mouse (Zymed Laboratories, South San Francisco, CA) in 4% BSA-0.1% Tween-Tris-buffered saline (TTBS). Membranes were washed and incubated with horseradish peroxidase-linked antimouse IgG-5% milk-TTBS for 2 h (Jackson Laboratories), then washed and imaged with chemiluminescence (Immobilon; Millipore, Billerica, MA).
Immunoprecipitation was performed with 10 g anti-rabbit occludin antibody (Zymed) per 0.5 mg protein in the detergent-insoluble fraction, overnight on a rotator at 4°C. Immune complexes were precipitated with protein A/G agarose beads (50 l) with further rotation for 2 h (4°C). Beads were washed with ice-cold lysis buffer (3ϫ), added to Laemmli sample buffer, heated in boiling water for 10 min, and loaded onto polyacrylamide gels and transferred to membranes as above. Membranes were probed first with anti-mouse occludin antibody to check for immunoprecipitation efficiency and then stripped and reprobed with anti-mouse ZO-1 (Zymed) and anti-rabbit phospho-threonine (Cell Signaling) and imaged as described above.
Statistics. Data were analyzed by unpaired t-tests (with Welch correction where appropriate), the Mann-Whitney test for nonparametric data, and one-way analysis of variance with Dunnett's post test for multiple comparisons using GraphPad InStat version 3.06 (San Diego, CA). Data are presented as means Ϯ SE.
RESULTS
Trypsin, elastase, and chymotrypsin increase R TE . Trypsin, in a concentration range of 20 nM to 20 M, significantly increased R TE across epithelial monolayers when added to the apical surface bath solutions (Fig. 1) . R TE in SCBN cells increased from baseline by 860 Ϯ 104 ⍀ ϫ cm 2 (n ϭ 14) with trypsin (1 M or 135 BAU/ml) compared with controls (10 Ϯ 5; n ϭ 9; P Ͻ 0.01) measured at 30 min after the addition to the apical bath solution. Apical trypsin also induced a concomitant increase in I sc that could be completely inhibited by 50 M bumetanide in the basolateral solution and by 200 M glybenclamide and 100 M amiloride in the apical solution (Fig. 1A, right) . Trypsin also increased the R TE in Caco-2 cell monolayers (⌬R TE ϭ 686 Ϯ 113 vs. control 46 Ϯ 47 ⍀ ϫ cm 2 ; n ϭ 9 and 4) and in T84 cells (97 Ϯ 11 vs. control 2 Ϯ 4 ⍀ ϫ cm 2 : n ϭ 17 and 4) (Fig. 1B) . Trypsin was also able to increase the R TE in a canine kidney epithelial cell line (Madin-Darby canine kidney; MDCK) but only from the basolateral aspect and not at the apical side of the cell monolayer, as with lung epithelial cells (52) and the intestinal epithelial cells we tested above. Basolateral treatment of the MDCK cells with 1 M trypsin resulted in an increase in R TE of 108 Ϯ 4.8 compared with the control 1.7 Ϯ 0.4 ⍀ ϫ cm 2 (n ϭ 3 for each group; P Ͻ 0.01). In contrast, the basolateral addition of trypsin to SCBN cells induced an initial decrease in R TE reflective of the trypsin-induced increase in I sc , followed by a return to near baseline of both measurements at 30 min (580 Ϯ 83 in control vs. 535 Ϯ 63 ⍀ ϫ cm 2 in trypsin-treated monolayers; n ϭ 4 for both; P ϭ 0.67).
Elastase (2 BAU/ml) and ␣-chymotrypsin (10 BAU/ml) both increased R TE in SCBN cell monolayers ( Fig. 2A) . R TE increased from 425 Ϯ 59 to 878 Ϯ 95 ⍀ ϫ cm 2 (n ϭ 13; P Ͻ 0.01) with apical elastase and from 449 Ϯ 46 to 887 Ϯ 66 ⍀ ϫ cm 2 (n ϭ 6; P Ͻ 0.01) with apical chymotrypsin. Figure 2B shows a dose response of trypsin added to the apical side of SCBN cell monolayers and demonstrates that, at doses 1/10 and 1/100 of the trypsin used in most of our experiments, trypsin induced a similar degree of R TE increase but took longer to achieve this effect. The increase in R TE produced by elastase was not inhibited by SBTI, demonstrating that any possible trypsin contamination in the elastase preparation was not responsible for the change.
Trypsin decreases Na ϩ and Cl Ϫ paracellular conductances. An increase in R TE indicates decreased ion permeability. Decreased ion permeability could be due to a closing of ion channels and a decrease in ion conductance along the transcellular pathway or to a decrease in ion conductance at the paracellular pathway. Because trypsin concomitantly induces active transcellular ion transport as shown by the increase in I sc , the decrease in ion permeability is likely at the paracellular level. The passage of ions at the paracellular level is passive; no active ion transport has been described, and therefore for ions to pass paracellularly there must be an electrical gradient, more ions on one side than the other. To determine whether the serine proteases were increasing R TE by decreasing paracellular conductance of ions, we conducted Na ϩ and Cl Ϫ gradient experiments in the Ussing chambers while measuring I sc and R TE concomitantly. To ablate the transcellular conductance of ions, we employed the ion channel and transporter inhibitors bumetanide, glybenclamide, and amiloride as described in METHODS. These were sufficient to inhibit the increases in I sc produced by either trypsin (see Fig. 1A ) or forskolin (data not shown). Initially, we had used ouabain to ablate the transcellular ion transport but found that ouabain was toxic to the cells when applied for the length of time required for the gradient experiments. The addition of these inhibitors resulted in an increase in R TE (Fig. 3, R TE recording) , as would be expected by the closing of ion conducting channels, in accordance with Ohm's law. The change in I sc that occurred with the introduc- tion of the ion gradients can be attributed to paracellular ion conductance. As shown in Fig. 3A , introducing the basolateralto-apical Cl Ϫ gradient produced an increase in I sc of 12.5 Ϯ 1.8 A/cm 2 that was decreased by 50 Ϯ 2% (n ϭ 10) when trypsin (1 M) was added to the apical chamber solution and differed significantly from controls (no trypsin: 14 Ϯ 4% increase; n ϭ 4; P Ͻ 0.01). The upward deflection in the I sc indicates the anion, Cl Ϫ , passing from basolateral to the apical side of the monolayer; this passage is decreased with trypsin, and this decrease is reflected by a simultaneous increase in the R TE . In the reverse gradient, the downward deflection indicates the passage of Cl Ϫ from the apical to the basolateral side of the monolayer, with this passage decreasing again with trypsin.
The apical-to-basolateral Na ϩ gradient (Fig. 3B ) produced an increase in I sc of 10.1 Ϯ 1.1 A/cm 2 (n ϭ 15), which was decreased by 29 Ϯ 5% (n ϭ 10) upon the apical addition of trypsin; this decrease was significantly different from the change in controls (no trypsin: 9 Ϯ 3% increase; n ϭ 5; P Ͻ 0.01). To confirm that the ion conductance during the gradient induction is paracellular and not transcellular, we performed the experiments in the reverse gradient directions, in the direction that the ion does not traffic at the transcellular level. In all sets of gradient experiments, the gradient-induced I sc is decreased by trypsin and was reflected by concomitant increases in R TE .
Permeability to dextran is decreased with trypsin. Since the permeabilities of Na ϩ and Cl Ϫ were decreased with trypsin treatment, we tested the effect of apical trypsin on permeability to the larger, uncharged dextran molecule (3,000 MW) in Caco-2 cell monolayers. We used Caco-2 and not the SCBN cells for these experiments because the SCBN cells showed almost no permeability to the dextran. Pretreatment with trypsin for 10 min significantly decreased the permeability of fluorescein-labeled dextran from 19.2 Ϯ 1.3 (n ϭ 8) to 13.4 Ϯ 0.8%⅐cm Ϫ2 ⅐h Ϫ (n ϭ 9; P Ͻ 0.01) when measured over a period of 1.5 h.
Proteolytic activity is required for increased R TE : not PAR mediated. In the presence of the trypsin inhibitor SBTI (80 U/ml), the trypsin-induced increase in R TE was completely inhibited (⌬R TE ϭ Ϫ45 Ϯ 22; n ϭ 6; P Ͻ 0.05), indicating that the enzyme activity of the proteases is required for activation (Fig. 4B) . Similarly, the effect of chymotrypsin was fully 
is initiated. Experiments began in Cl
Ϫ -free or Na ϩ -free buffers, and ion gradients were initiated by the gradual replacement with normal Cl Ϫ -replete or Na ϩ -replete buffer solutions on either the basolateral or the apical side. The immediate increase or decrease (depending on the gradient direction) in Isc at the time of the gradient start represents the paracellular transit of the ion. The decrease in this Isc caused by apical trypsin is reflected by a reciprocal increase in RTE. The bar graphs display the trypsin-induced changes in Isc and RTE compared with controls (no trypsin added). *P Ͻ 0.01 vs. control. inhibited with 20 M chymostatin (data not shown). To investigate a mechanism for the protease-induced increase in R TE , we tested a panel of PAR agonists on the SCBN cell monolayers. The concentrations of the peptides presented in these experiments were maximized for their PAR activation, so that increasing the concentration by two-to threefold issued no additional effect. These peptide agonists were added to the apical chambers only, because we were attempting to reproduce the apical effect of the proteases. Figure 4A demonstrates the effect of PAR 1 and PAR 2 agonists on I sc and R TE recorded simultaneously. The activation of I sc by PAR 1 and PAR 2 agonists in intestinal epithelia is well documented (7, 33) and represents a Cl Ϫ secretion event, since the current mostly disappears in Cl Ϫ -free buffer. We demonstrate the PAR-induced increase in I sc and also show the reciprocal decreases in R TE caused by the opening of ion channels and the increased I sc . Therefore, we waited 30 min, when most of the PAR-induced I sc subsided, before using the measurement for R TE change induced by the PAR-activating peptides and trypsin.
None of the PAR-activating peptides reproduced the trypsininduced changes in R TE (Fig. 4B) : trypsin increased R TE by 1,390 Ϯ 194 ⍀ ϫ cm 2 (n ϭ 5); the PAR 1 activating peptide, TFLLR (50 M), increased R TE by 246 Ϯ 54 ⍀ ϫ cm 2 (n ϭ 4); in the presence of the PAR 2 activating peptide, SLIGRL (100 M), and the PAR 4 activating peptide, AYPGKF (50 M), the R TE changed by 35 Ϯ 29 ⍀ ϫ cm 2 (n ϭ 6) and Ϫ41 Ϯ 46 ⍀ ϫ cm 2 (n ϭ 4), respectively (all P Ͻ 0.05 compared with trypsin). The plasma serine protease, thrombin, a known activator of PAR 1 and PAR 4 , produced a distinct but marginal increase in R TE when applied to the apical surface of the epithelial cells, but this increase was substantially less than that produced by trypsin. All doses of agonists were maximized to their effect, whereby increasing the dose by 100% produced no further changes in resistance.
Trypsin and chymotrypsin increase PKC activity. Several PKC isoforms have roles in epithelial barrier function (16), so we tested a panel of PKC inhibitors and activators in our Ussing chamber experiments to determine their possible involvement (Fig. 5 ). An activator of typical/conventional PKC isoforms, PMA (1 M), decreased R TE in SCBN cell monolayers (⌬R TE ϭ Ϫ231 Ϯ 81 ⍀ ϫ cm 2 , n ϭ 9). S-1-P is known to decrease the permeability of endothelium through a PI3K-mediated mechanism (50). In our experiments, S-1-P (5 M) increased R TE by 102 Ϯ 25 ⍀ ϫ cm 2 (n ϭ 10), but this increase was significantly lower than that induced by trypsin (709 Ϯ 83 ⍀ ϫ cm 2 ; n ϭ 9; P Ͻ 0.01) and no further effect was seen by increasing the concentration by 400%. Pretreatment for 15 min with Gö 6976 (n ϭ 10), Gö 6983 (n ϭ 8), or GFX (n ϭ 5) had no significant effect on the trypsin-induced increase in R TE (1,030 Ϯ 148 vs. 669 Ϯ 41 vs. 457 Ϯ 36 vs. control 820 Ϯ 91 ⍀ ϫ cm 2 ; P Ͼ 0.05). Increasing the concentrations of these inhibitors by 300% had no further effect on inhibition and increased the risk of nonspecific effects of the inhibitors. Interestingly, Gö 6976 does not inhibit atypical PKCs, such as PKC, and it showed the most favorable effect on the trypsin-induced R TE . However, preincubation for 30 min with the myristoylated PKC isoform-specific pseudosubstrate inhibitor produced a significant attenuation of the trypsin-induced increase in R TE (138 Ϯ 36 ⍀ ϫ cm 2 ; n ϭ 9; P Ͻ 0.01). As a negative control for the PKC inhibitor, the myristoylated pseudosubstrate inhibitor for PKC (10 M) had no effect on the trypsin-induced R TE (918 Ϯ 90 vs. 1017 Ϯ 89 ⍀ ϫ cm 2 in controls; n ϭ 6 for each; P ϭ 0.452). We confirmed that apical trypsin and chymotrypsin increase PKC activity by the kinase activity assay (Fig. 6) . PKC activity was significantly increased in cells treated for 10 min with apical trypsin and chymotrypsin, and this activity was significantly decreased in the presence of the PKC-specific pseudosubstrate inhibitor (n ϭ 11 for each; P Ͻ 0.01). Elastase was not evaluated in this experiment because it would take up to 30 -60 min for it to induce its maximal effect on R TE , whereas trypsin and chymotrypsin reached maximum effect at 10 -20 min.
Phosphatidylinositol-3,4,5-trisphosphate [PI(3,4,5)P 3 ] is a membrane lipid that is known to activate PKC (21) and is produced from phosphatidylinositol-4,5-diphosphate [PI(4,5)P 2 ] by PI3K. Inhibition of PI3K with LY294002 (20 M) significantly inhibited the trypsin-induced increase in R TE (Ϫ163 Ϯ 88 vs. 675 Ϯ 123 ⍀ ϫ cm 2 in controls; n ϭ 12 and 10, respectively; P Ͻ 0.01). Trypsin applied to the apical surface of polarized bronchial epithelial cell monolayers produces a rapid transient increase and a smaller sustained increase in intracellular Ca 2ϩ levels (52). To determine involvement of Ca 2ϩ in the trypsin-induced increase in R TE in intestinal epithelial cells, levels of intracellular Ca 2ϩ were chelated with BAPTA-AM (50 -100 M). Treatment with BAPTA-AM for 45 min had no effect on the trypsin-induced R TE : ⌬R TE ϭ 476 Ϯ 65 vs. 455 Ϯ 72 ⍀ ϫ cm 2 in controls (n ϭ 9 for each; P ϭ 0.832).
Trypsin and chymotrypsin alter cell localization of occludin, ZO-1: PKC dependent. We assessed total levels of occludin by immunoblot in the detergent-insoluble and soluble fractions and found that cell samples treated with either trypsin or chymotrypsin for 10 min had increased occludin levels compared with controls; this increase was prevented by pretreatment with the PKC-specific pseudosubstrate inhibitor (Fig. 7A) . Occludin was immunoprecipitated from the detergentinsoluble fraction and the precipitate was assayed by immunoblot for ZO-1 levels. We show that there is increased association of ZO-1 with occludin in cell monolayers treated with either trypsin or chymotrypsin and this association was disrupted by pretreatment of the cells with PKC pseudosubstrate inhibitor (Fig. 7B) . Immunoprecipitated occludin from the detergent-insoluble fraction showed increased threonine phosphorylation in SCBN cells that had been treated apically with chymotrypsin and trypsin (Fig. 7C) .
DISCUSSION
We have shown that three digestive serine proteases that are released into the gut postprandially by the pancreas can increase R TE by two-to threefold in a sustained fashion in three intestinal epithelial cell lines. We demonstrate that this increase in R TE is at least in part due to decreases in the paracellular conductances of Na ϩ and Cl Ϫ . Trypsin and neu- trophil elastase have also been shown to increase Na ϩ and Cl Ϫ channel activity in epithelial cells, producing increases in transcellular ion transport (5, 8, 11, 33, 52) . It has been proposed that an increase in transcellular ion transport coupled to a decrease in paracellular ion conductance could improve the efficiency of vectorial ion movement across the epithelium, whereby the decreased paracellular ion conductance prevents backflow of the transported ions, having the net effect of facilitating water flow (32) . Alternately, decreased paracellular ion permeability may decrease total salt transport across the epithelium, because of the putative dependence on paracellular conductance of the oppositely charged ion during active transcellular Na ϩ and Cl Ϫ transport, and have the overall effect of limiting water flow (13) . More work is needed to determine whether decreasing paracellular ion transport is limiting or facilitating fluid movement. Taken together with studies showing that serine proteases activate ion transport, our data contribute to the hypothesis that serine proteases have a role in regulating water movement across epithelium.
Our data build on the findings of Cohen et al. (14) showing that several proteases could induce the formation of tight junctional strands as observed by freeze-fracture electron microscopy. They demonstrated that treatment of HT29 cells with various proteases including elastase, chymotrypsin, trypsin, plasmin, and thrombin for brief periods could induce the formation of visible tight junction strands in a proteolysisdependent manner. It is important to note that the potencies of the serine proteases to induce tight junction strand formation in their study was similar to what we have seen in terms of increasing R TE in our experiments, with thrombin having the least potency and increasing R TE by only ϳ20%. The modest induction of R TE by thrombin and PAR1 activation in our experiments has also been demonstrated in alveolar epithelial cells (24) .
The augmentation of R TE induced by the serine proteases is independent of PAR activation, since we could not reproduce the effect with the activating peptides for PAR 1 , 2 , and 4 . This was not surprising for several reasons. First, the substrate specificities for the serine proteases used in our experiments are different. Although trypsin is known to activate PAR 1 , 2 , and 4 , chymotrypsin is not known to activate these receptors and elastase will disarm, rather than activate, the PAR 2 . This disarming effect of PAR 2 by elastase is accomplished by the cleaving of the tethered ligand upstream of the amino acid sequence that binds the receptor and initiates the activation and signaling, and it can be readily demonstrated in the SCBN cells used in this study. We have not been able to identify the target of the serine proteases in our studies, but this lack of substrate specificity points away from a PAR-like receptor in which the site of proteolytic activation is quite precise. Second, a large body of evidence has been developed that implicates the activation of PAR 2 in increasing the permeability of intestinal epithelial cells (9, 10, 43) , leading to several gastrointestinal pathologies. The mechanism produced by the proteases in our study is certainly separate from PAR activation and may serve to counter the potentially detrimental effects of PAR 2 activation in normal physiology. It could be predicted that a disruption of the balance of these mechanisms favoring PAR 2 activation could lead to increased permeability and subsequent inflammation.
This serine protease-induced increase in R TE has now been demonstrated in intestinal, lung, and kidney epithelial cells. This effect in the intestinal epithelial cells occurred when the proteases were applied to the apical and not the basolateral surface of the cell monolayers, which is analogous to the mucosal exposure of endogenous proteases in vivo. The increase in R TE could only be demonstrated with apical protease treatment in the lung epithelial cells also (52) , but interestingly, trypsin increased the R TE in a canine kidney epithelial cell line only when applied at the basolateral surface, as had been demonstrated previously by Lynch et al. (30) . This polarity in the protease-induced effect could reflect differences in the physiologically relevant influences between the tissues: whereas lung and intestinal epithelia are significantly influenced by the environment on the apical aspect, kidney epithelia would likely receive its influence from the circulation (serum) at the basolateral aspect.
Trypsin also decreased the permeability of Caco-2 epithelial monolayers to dextran, demonstrating that epithelial permeability to macromolecules is decreased and, therefore, indicating a barrier protective effect of the proteases. The epithelial barrier function is important in preventing passage of luminal gut contents, such as bacteria and food antigens, into the subepithelial space (lamina propria). It is proposed that increased intestinal permeability enables contact of gut contents with the lamina propria, initiating a sequence of immunological events that facilitate the Th1-driven inflammation seen in inflammatory bowel diseases, specifically Crohn's disease (13) .
It is yet to be demonstrated that this serine proteasemediated protective effect is functional in the human intestinal tract, but its investigation is confounded by the complexity of the intestinal milieu. Epithelial cells lining the intestinal tract normally express several serine proteases and specific serine protease inhibitors of their own (28, 36) , and there are numerous serine proteases expressed by the bacteria that are normally present in the intestinal lumen (43) . Indeed, a strong case has been made implicating the increased release of trypsin and tryptase (with no change in an endogenous serine protease inhibitor) from colonic biopsies of patients with irritable bowel syndrome in the visceral pain associated with the disease (9) . In addition to the endogenous protease inhibitors, normal epithelium expresses mucins that can protect resident epithelial cells from serine proteolytic actions.
We present four lines of evidence for the involvement of PKC in the trypsin-induced increase in R TE . First, pretreatment with PMA, an activator of only the typical and novel and not the atypical isoforms of PKC, did not reproduce the effect and decreased the R TE . Next, treatment with BAPTA-AM did not inhibit the effect, indicating that Ca 2ϩ is not involved in its initiation, supporting a role for the Ca 2ϩ -independent activation of PKC. These results contrast the ϳ50% inhibition of the trypsin-induced increase in R TE by BAPTA-AM in bronchial epithelial cells (52) , indicating different Ca 2ϩ handling mechanisms between the cell types. We then show that the pseudosubstrate inhibitor specific for PKC effectively reduces baseline R TE and almost fully inhibits the trypsin-induced increase. From this we propose that PKC has a constitutive role in maintaining R TE and its activation is potentiated by the proteases to increase R TE . Furthermore, use of the PI3K inhibitor LY294002 inhibited the trypsin-induced increase. PI3K is responsible for the formation of PI(3,4,5)P 3 from PI(4,5)P 2 , which has a role in activating PKC. PIP 3 binds and activates PDK1, a kinase that phosphorylates PKC at Thr410. This phosphorylation is essential for PKC activation (21) . PIP 3 may also interfere with the autoinhibition of the enzyme's pseudosubstrate domain, thereby enabling activation. Finally, we show that the activity of PKC is increased in cell lysates from monolayers treated with trypsin and chymotrypsin and that this increased activity is sensitive to the PKC pseudosubstrate inhibitor. The lack of calcium sensitivity, the paradoxical effect of the DAG analog PMA, and the inhibitions by the pseudosubstrate inhibitor and the PI3K inhibitor all support the role of PKC in the serine protease-induced increase in R TE ; the increase in PKC activity confirms this role. PKC has been associated with the formation of tight junctions in epithelial cell monolayers (22, 34, 51) and may play an essential role in this function. Less has been demonstrated regarding its role in the maintenance of epithelial barrier function, although overexpression of the enzyme in Caco-2 cells confers epithelial barrier protection against oxidative stress (3) .
Finally, we show that occludin localizes to the detergentinsoluble fraction of lysate from cells treated with either trypsin or chymotrypsin, and this localization was dependent on the activity of PKC because it was effectively inhibited by pretreatment with an inhibitor specific for this kinase. This is a sound explanation for the protease-induced increase in R TE , since it has been demonstrated that serine and threonine phosphorylation of occludin at several sites is responsible for the targeting of occludin to the tight junction, conferring an increase in R TE (12, 34, 35, 45, 47, 57) . In support of the occludin localization to the tight junction, we demonstrated increased coimmunoprecipitation of ZO-1 with occludin by either trypsin or chymotrypsin treatment in a PKC-dependent manner, since ZO-1 is known to associate with occludin when occludin is engaged at the junction complex (15) . The increase in band size for occludin is attributable in part to increased phosphorylation of occludin, which causes increased distribution (between 58 and 72 kDa on the gel) of the protein on the gel as it migrates to higher molecular weight levels (17, 44, 57) .
In conclusion, we have shown that the serine proteases trypsin, elastase, and chymotrypsin can increase R TE in a rapid and sustained manner in cultured intestinal epithelial cells. This increased R TE is reflected in decreased paracellular conductances of Na ϩ and Cl Ϫ and in the permeability to a 3,000 MW dextran. The mechanism by which this occurs depends on the proteolytic enzyme activity yet is independent of activation of PAR 1 , 2 , and 4 . The serine proteases increase the localization of occludin to the detergent-insoluble fraction and its association with ZO-1 in a PKC-dependent manner. This effect has now been demonstrated in lung, intestinal, and kidney cells and we propose that this decrease in paracellular permeability contributes to the role of serine proteases in the balance of fluid across epithelial tissue.
